Abstract. We present a population genetic study of Aedes aegypti in Brazil using isoenzyme markers. Four polymorphic loci were used to examine 11 mosquito collections at four periods in 2003. Samples from a dengue-endemic area (southeastern region) and a dengue-free area (southern region) connected by an important network of roads and railways were analyzed. The degree of genetic differentiation observed between populations is consistent with limited gene flow between them. There was no evidence of passive dispersion of Ae. aegypti by vehicles among the different routes linking metropolitan areas.
INTRODUCTION
It is believed that Aedes aegypti was reintroduced in Brazil in the late 1970s after nearly two decades of absence.
1,2 Because vector control was not well implemented, dengue epidemics started to be reported in the early 1980s. Aedes aegypti is now present in all Brazilian states [2] [3] [4] and approximately 80% of all dengue cases registered in the Americas are reported in Brazil, 5 most of them acquired in the southeastern and northeastern regions. 6 In the southeastern Brazil, Rio de Janeiro is considered as the most important point for the entry and dissemination of dengue viruses into the country. 2, 5 The city is connected to numerous localities in other southeastern states such as Minas Gerais, Espírito Santo, and São Paulo through an important network of roads and railways.
Because Ae. aegypti is usually a poor flyer (approximately 10-800 meters during its entire life), 7, 8 passive migration through human transportation have been described and could explain mosquito dispersal and gene flow over long distances. 9 Knowledge concerning migration and gene flow between Ae. aegypti populations can provide information about the evolution of the species and understanding about the spread of Ae. aegypti traits that impact the epidemiology of Ae. aegypti-borne pathogens. This information can help in the design of more effective vector control strategies.
In the states of Rio de Janeiro, Minas Gerais and Espírito Santo, dengue epidemics are annually reported all over the region; in the state of São Paulo, dengue transmission occurs mainly in the inland regions and sporadically along the coast. 10 Although these economically developed and dengueendemic southeastern states have intensive commercial trade with the southern state of Rio Grande do Sul where dengue has never been reported, despite the presence of Ae. aegypti since 1995. 11 A high degree of genetic differentiation of Ae. aegypti has been demonstrated in Rio de Janeiro. 2 The breeding season of the mosquito extends throughout the year. However, mosquito densities decrease during the dry season and increase during the rainy season, coinciding with a period of high dengue incidence. In this study, we compared samples from two areas, dengue-endemic and dengue-free areas to characterize the geographic and seasonal structure of Ae. aegypti populations and to evaluate the role of passive migration in gene flow among Ae. aegypti populations from different cities in southeastern and southern Brazil connected to Rio de Janeiro by roads and railways.
MATERIALS AND METHODS

Mosquito samples.
Aedes aegypti was sampled in 11 Brazilian localities (Table 1 ) from four southeastern states: Rio de Janeiro state (Barra Mansa, 25 de Agosto, Parque Duque, Nova Iguaçu, Paraíba do Sul, Três Rios), São Paulo (Potim), Minas Gerais (Belo Horizonte), and Espirito Santo (Consolação and Cariacica), and one in the southern state of Rio Grande do Sul State (Porto Alegre). Sampled localities are separated by a minimum distance of 1.2 km and a maximum distance of 1,538.6 km, and were all connected by ground transportation to Rio de Janeiro ( Figure 1 and Table 1 ). Mosquito collections were performed at three-month intervals from March 2003 to December 2003 using 20 ovitraps 12 per locality during two consecutive weeks to avoid collections of descendents from a small number of females. The first collection was carried out in March 2003 (at the end of rainy season), the second in June (at the beginning of the dry season), the third in September 2003 (at the end of the dry season), and the fourth in December 2003 (at the beginning of the rainy season). Mosquitoes were reared until adult stage (F 0 generation) in insectaries under standardized conditions (25 ± 1°C, relative humidity of 80 ± 10%, and a 12-hour light/dark cycle) and subsequently stored at -80°C for isoenzyme assays. When the number of F 0 adults was too low (less than 20 individuals), adults from the F 1 generation were used; this was the case for the third collections in POTI, TRRI, and PARS.
Electrophoresis. Mosquitoes were individually grounded in 25 L of distilled water and centrifuged (12,000 × g for 3 minutes at 4°C). The supernatant containing soluble proteins was loaded onto a 12.8% starch gel in Tris-maleate-EDTA (pH 7.4) buffer and subjected to electrophoresis for 4-5 hours. 13 A total of 48 adults from each sample ( Huber and others. 15 A laboratory strain of Ae. aegypti known as Paea (collected in 1994 in Tahiti, French Polynesia) was used as a mobility control for isoenzyme polymorphism. 16, 17 Genetic analysis. Hardy-Weinberg proportions were compared using the GENEPOP software (version 3.4). 18 Deviations were based on an alternative hypothesis (H 1 ‫ס‬ deficits or excess) using an exact test procedure. 19 Linkage disequilibrium was tested between pairs of loci for each sample using Fisher's exact test on rank × column contingency tables. F IS, the inbreeding coefficient, and F ST, the fixation index, were estimated as described by Weir and Cockerham. 20 Genetic differentiation between populations or groups of populations was tested using Fisher's exact test on R × C contingency tables for each locus. An unbiased estimate of the exact prob- ability was obtained with a Markov chain method. 18 Significance levels for multiple testing were corrected using sequential Bonferroni's procedures. 21 Genetic isolation by geographic distance was tested by estimating rank correlations between F ST /(1 -F ST ) calculated between pairs of samples and Ln distances. 22 
RESULTS
Hardy-Weinberg proportions. Six (Gpd, Got2, Hk1, Hk3, Me, and Pgi) of 10 loci investigated were monomorphic or displayed limited polymorphism in all samples. Genetic analysis was therefore based on the four remaining polymorphic loci: Pgm, Mdh, Hk2 and Got1 (Table 2 ). Significant deviations from Hardy-Weinberg equilibrium were associated with heterozygote deficit in 16 tests and heterozygote excess in 3 tests (Table 2) . Global tests considering all loci for each sample showed significant heterozygote deficits in six samples in BARM ( ). The highest F ST value was observed at the fourth collection, i.e., at the beginning of the rainy season (Table 3) . When considering each sample at two periods (rainy season versus dry season), five of eight collections had F ST values smaller during the rainy season than during the dry season: CONS, DC25, NOVI, PARS, and POTI (Table 4) .
Geographic genetic differentiation. Samples were pooled according to geographic localization. Mosquito samples were divided into two groups: localities inside the Rio de Janeiro state separated by 1.2-118.3 km (BARM, DC25, DCPD, NOVI, PARS, and TRRI) and localities outside Rio de Janeiro state from other states in the southeastern and southern regions separated by 16.2-1,538.6 km (BELH, CONS, CARI, PORT, POTI) ( Table 5) . Differentiation evaluated by estimating F ST values was highly significant in all samples and collection dates. When considering samples from Rio de Janeiro state, the highest values of F ST were obtained at the end of the dry season (F ST ‫ס‬ 0.1043, P < 10 −6 ), and collections from the other states (BELH, CONS, CARI, PORT, POTI) showed higher differentiation at the beginning of the dry season (F ST ‫ס‬ 0.1705, P < 10 −5 ) ( Table 5) . Genetic isolation by distance. When testing hypothesis of isolation by distance for samples connected by roads or railways (Figure 1 ), no significant correlation (P > 0.05) was showed between F ST values and geographic distances: route 1 (P ‫ס‬ 0.1258), route 2 (P ‫ס‬ 0.1080), route 3 (P ‫ס‬ 0.1638), route 4 (P ‫ס‬ 0.2118), and route 5 (P ‫ס‬ 0.2509).
Statistical independence. Genotypic associations between pairs of loci were analyzed for each sample. Random association was rejected by Bonferroni's sequential test (P < 0.05) in 2 of 215 combinations when taking into account multiple tests: Mdh-HK2 in BARM (first collection) and Pgm-Pgi in PORT (fourth collection). When we used the statistics of Ohta 23 statistics for each sample-loci combination, it was demonstrated that gametic associations were caused by genetic drift (D IS < D ST and D IS > D ST ), which ruled out the effect of selection acting on pairs of loci.
DISCUSSION
We demonstrated that Ae. aegypti populations are highly differentiated, the pattern of genetic differentiation varies according to the period of the year, and Ae. aegypti populations sampled along the main routes connecting cities in southeastern and southern Brazil are highly differentiated. A total of 84% of Hardy-Weinberg deviations concerned heterozygote excess, which were mostly found in samples collected at the beginning of the dry season (second collection). An explanation could be related to the small number of breeders producing the next generation, which leads to differences in allele frequencies in male and female parents because of binomial sampling error. 24 A total of 16% of Hardy-Weinberg deviations corresponded to heterozygote deficits that occurred mainly at the beginning of the rainy season (at the fourth collection); inbreeding by positive assortative mating or by pooling population with different allele frequency (the Wahlund effect) are the common explanations. Inbreeding could be excluded because deficits would be expected in all loci. Fragmented mosquito populations begin to restore larger panmictic units with the arrival of rain.
Because mosquitoes occupy transient habitats where water availability varies greatly across seasons, populations are subdivided into distinct patches that are subjected to temporal fluctuations. Thus, distribution of genetic variation often depends on the pattern of insect oviposition. If a female tends to deposit eggs in different sites, a same area could be visited by numerous females and thus variance of genotypes will be minimal. Conversely, if a female tends to deposit all its eggs in a same area, there will be different patches occupied by different females and variance of genotypes among patches will be high. Among factors that may affect differentiation (and gene flow) in insect populations, dispersal behavior is the most intuitively obvious. Thus there is a positive correlation between the extent of dispersal and levels of gene flow. Moreover, infectious agents such as viruses can be strongly dependent on the genetic diversity found in the host population (i.e., the vector population). 25 Diseases are thought to spread more easily among genetically similar individuals.
Differentiation evaluated by estimating F ST values was highly significant in all samples and collection dates. A plausible explanation would be a low level of migration in Ae. aegypti populations from southeastern and southern regions. This can be attributed to the high availability of larval containers in most areas in the country because of low efficiency of control measures, which reduces dispersal of Ae. aegypti for the search of oviposition sites. High genetic differentiation of Ae. aegypti has been currently observed in Brazil 2,26-29 and other countries, 30, 31 which suggests low gene flow among populations in macro-regional and micro-regional scales.
Nevertheless, strong local differences in the type of breeding sites and their pupal productivity, use of personal protection against mosquitoes (insecticide sprays, repellents), and vector control implemented may explain the variable levels of genetic differentiation among sampling sites. Successive cycles of extinction and low rate of migration during the recolonization process may greatly increase random frequency drift in population.
In the southeastern and southern regions, the density of Ae. aegypti populations is generally dependent on rainfall, 32 with a peak occurring usually between January and March. 3, 33 Nevertheless, local differences in the type of the most abundant and productive breeding sites are expected to vary between and also within cities. In those areas where water storage is unnecessary, the temporary water sites filled by rain- * F ST ‫ס‬ fixation index that measures the reduction in heterozygosity of a subpopulation due random genetic drift; 1st collection ‫ס‬ BARM, BELH, CARI, CONS, DCPD, DC25, PARS, POTI, NOVI, TRRI, and PORT; 2nd collection ‫ס‬ BARM, BELH, CARI, CONS, DCPD, DC25, PARS, POTI, NOVI, and TRRI; 3rd collection ‫ס‬ BELH, CONS, DCPD, DC25, PARS, POTI, NOVI, and TRRI; 4th collection ‫ס‬ BELH, CARI, CONS, DCPD, DC25, PaRS, POTI, NOVI, TRRI, and PORT; P ‫ס‬ probability of homogeneity; N s ‫ס‬ no. of samples; N i ‫ס‬ total no. of individuals analyzed. For definitions of other abbreviations, see Table 2 .
P Յ 10 −6 . water become more important and result in increases in the mosquito population densities. 34 When these sites dry out during the dry season, there is a reduction in available oviposition sites that serve to stimulate dispersal for new sites and therefore gene flow. This explanation is consistent with our observations of low F ST values. Less genetic differentiation was observed in samples collected during the dry season in Rio de Janeiro, 28 as well in three localities assessed in the present study: BELH, DCPD, and TRRI (Table 4 ). The house infestation index, a measure of Ae. aegypti densities, in BELH was usually higher during the rainy season when numerous water-filled larval sites were available. 35 Conversely, samples from five sampling sites (CONS, DC25, NOVI, PARS, and POTI) showed a distinct pattern, with lower F ST values during rainy season (i.e., increase in genetic differentiation during the dry season). Distinct patterns of temporal genetic variation in Ae. aegypti have been reported elsewhere, for example in Vietnam, 36 where investigators suggested that limited dispersion of Ae. aegypti during the dry season would be due to the nature of the most common breeding sites, which were usually found indoors and thus, not influenced by rainfall. Unfortunately, data on seasonal variation in densities of Ae. aegypti, insecticide treatments implemented, and pupal productivity of breeding sites are not available for most of our sites. Only few ecologic data are recorded for some sampled localities. As far as we know, most dwellings have running water and thus, intentional water storage is usually unnecessary in CONS, DC25, NOVI, PARS, and POTI. In DC25 and POTI, the most common of larval containers (70-85%) were water tanks, followed by indoors containers. Consequently, the Ae. aegypti densities were not correlated with rainfall in these areas 37, 38 (Secretaria Municipal de Saúde de Duque de Caxias, unpublished data).
Aedes aegypti density in Potim (in 2003) was higher in April (end of the rainy season) and lower in July and NovemberDecember (the dry and the beginning of the rainy season, respectively). 38 Considering that gravid Ae. aegypti females tend to lay eggs in different sites, dispersal was probably driven by the availability of water-filled outdoors temporary breeding sites (e.g., abandoned tires, cans, bottles). 37 This tends to reduce genetic differentiation. The flight range of A. aegypti in urban areas is oviposition-driven, making the dispersal and feeding frequency as functions of the availability of oviposition sites. 39 Nevertheless, it must be considered that genetic drift could also be responsible for or contributing to the observed temporal/seasonal variation in Ae. aegypti in southern and southeastern Brazil.
Ground transportation is considered a corridor for dissemination of both dengue viruses and their vector Ae. aegypti. The most densely populated and economically developed cities in Brazil are in the southeastern and southern regions, where commercial exchanges through a large network of roads and railways are very intense. From Rio de Janeiro, dissemination of Ae. aegypti populations that are highly dengue susceptible 2 and insecticide resistant 40, 41 is a threat for dengue control. 42 However, high levels of genetic differentiation were observed when analyzing groups of samples obtained along the main routes linking metropolitan areas, which suggests low gene flow between mosquitoes from the sampled cities. Thus, mosquito genetic variation was independent of geographic distance separating cities and roads connecting cities. These results are in agreement with those obtained in Rio de Janeiro 28 and in Mexico. 30 Our results are consistent with the hypothesis that infected Ae. aegypti in this region of Brazil are unlikely to spread dengue virus over large distances whatever the time of year. * F ST ‫ס‬ fixation index that measures the reduction in heterozygosity of a subpopulation due random genetic drift; Inside Rio de Janeiro state: BARM, DC25, DCPD, NOVI, PARS, and TRRI; Outside Rio de Janeiro state ‫ס‬ BELH, CONS, CARI, PORT, and POTI; P ‫ס‬ probability of homogeneity; N ‫ס‬ no. of samples.
† P Յ 10 −6 .
